Introduction
============

Osteoarthritis (OA) is a severe degenerative disease involving multiple etiologies ([@b1-mmr-22-01-0265]). Its main features include articular cartilage erosion, marginal bone hyperplasia, osteophyte formation, subchondral bone sclerosis, and varieties of biochemical and morphological changes in the synovium and joint cavity ([@b2-mmr-22-01-0265]). OA lesions not only occur in the cartilage but also the entire synovial joint ([@b3-mmr-22-01-0265],[@b4-mmr-22-01-0265]). However, previous studies investigating OA have focused on the role of cartilage ([@b5-mmr-22-01-0265]), therefore synovial sourced pathology in the development of OA has not been fully examined. The physiological function of the synovium also plays a key role in maintaining a healthy joint ([@b6-mmr-22-01-0265]). Moreover, nutrition and lubrication of the cartilage are supported by the synovium. Matrix conversion plays an important role in the joint microenvironment, and the synovial membrane can transform the matrix ([@b7-mmr-22-01-0265]). Fibroblast-like synoviocytes (FLS) are located in the synovial lining layer and can secrete cytokines and catabolic factors, of which the latter can trigger articular cartilage degradation as a result of inflammatory trauma and oxidative stress ([@b8-mmr-22-01-0265]). Synovial vascularization and synovial hyperplasia are observed in the early stage of OA ([@b9-mmr-22-01-0265]). A previous morphological study of the OA synovium at different stages observed the accumulation of large amounts of cellulose in the synovium, which is related to disease severity ([@b10-mmr-22-01-0265]). Moreover, synovial inflammation is an important driver of the early pathology in OA ([@b11-mmr-22-01-0265]). Therefore, the synovial membrane is likely to be a potential target for OA prevention and treatment.

The joint is frequently located in a dynamic fluctuating oxygen environment ([@b12-mmr-22-01-0265]). During daily activities, joints repeatedly undergo tissue hypoxia and reoxygenation (H/R) ([@b13-mmr-22-01-0265]). H/R under physiological and pathological conditions has minor effects on hypoxic-tolerant chondrocytes, but may lead to respiratory dysfunction in aerobic synovial cells ([@b14-mmr-22-01-0265]). Furthermore, overproduction of reactive oxygen species (ROS) is initiated by tissue swelling and temporary hypoxia. H/R can regulate the activity of inducible nitric oxide synthase (iNOS) and nitrous oxides, which are induced by interleukin (IL)-1β and tumor necrosis factor (TNF)-α in synovial cells under such pathological conditions ([@b15-mmr-22-01-0265]). The local accumulation of free radicals participates in intracellular and extracellular oxidative damages, which compromise mitochondrial function, and thus a detrimental cycle is initiated in the joint ([@b16-mmr-22-01-0265]).

Cellular senescence can be induced by a variety of stressors and different genotoxic stressors induce different phenotypes of cellular senescence ([@b17-mmr-22-01-0265]). With aging, large numbers of senescent cells (SnCs) accumulate in the human body, which can induce a drastic modification in gene expression and secretion of multiple of factors to cause a senescence-associated secretory phenotype (SASP) ([@b18-mmr-22-01-0265],[@b19-mmr-22-01-0265]). Furthermore, the actions of SnCs strengthen senescence via autocrine signaling, which stimulates neighboring cells to undergo senescence ([@b18-mmr-22-01-0265],[@b19-mmr-22-01-0265]). When joint organs are unable to replace SnCs or reduce damage, intracellular damage accumulates and exerts deleterious effects on both the host cells and other cell types, which impairs their function and contributes to the advanced stage of OA ([@b20-mmr-22-01-0265]). The SASP includes a varieties of chemical factors, pro-inflammatory factors, extracellular matrix-degrading proteins and growth factors, which play an important role in the local microenvironment of tissues ([@b21-mmr-22-01-0265]--[@b23-mmr-22-01-0265]). OA is a typical age-related disease, characterized by typical senescent features. Moreover, the characteristics of catabolic mediators and inflammation in the pathogenesis of OA are similar to those observed in 'classic' SnCs. The presence of inflammatory factors among the SASP phenotype can induce stress-induced premature senescence. Furthermore, SnCs can enhance the level of inflammation and form a positive feedback loop ([@b24-mmr-22-01-0265]).

The JNK signaling pathway includes important members of the mitogen-activated protein kinase (MAPK) family. This pathway is widely involved in regulation of cell proliferation, metabolism, apoptosis and DNA damage repair ([@b25-mmr-22-01-0265]--[@b27-mmr-22-01-0265]). Furthermore, the JNK pathway can be activated by stress stimulation ([@b28-mmr-22-01-0265],[@b29-mmr-22-01-0265]). Previous studies have shown that activation of the JNK signaling pathway is associated with senescence and various degenerative diseases ([@b29-mmr-22-01-0265]--[@b31-mmr-22-01-0265]). Since the JNK signaling pathway can regulate several inflammatory pathways, blocking this mechanism may effectively inhibit inflammation and prevent joint destruction in experimental models of arthritis ([@b32-mmr-22-01-0265],[@b33-mmr-22-01-0265]). Therefore, the present study hypothesized that H/R activation of the JNK pathway in synovium may promote cell damage and senescence, which could lead to OA lesions.

Patients and methods
====================

### Patients and tissue

The present study collected synovial tissue specimens from 20 patients (age, 33--72 years; mean age, 52 years; men, 10; women, 10) each with acute knee injury and OA-total knee replacement in the Department of Orthopedics, Wuhan University People\'s Hospital within 4 h of acute knee joint trauma operation. The specimens were collected between September 2017 and January 2019. Prior to the study, all patients voluntarily agreed to participate. The present study was approved by the Ethics Committee of Renmin Hospital of Wuhan University.

### Tissue mass culture

Tissues were soaked in PBS solution for 5 min and then rinsed thrice with PBS at room temperature. Then, the synovium was chopped into small pieces that were placed at 37°C in high glucose DMEM (Gibco; Thermo Fisher Scientific, Inc.) supplemented with 15% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin in a humidified atmosphere containing 5% CO~2~. The medium was changed once after 3--4 days.

### Culture and isolation of FLS

Fresh synovial tissue was soaked in PBS solution for 5 min and rinsed thrice with PBS. Fat and other fibrous tissue were removed and placed in a petri dish. The synovial was cut into pieces with ophthalmic shears and placed into a culture bottle. Then, 0.2% collagenase II (Sigma-Aldrich; Merck KGaA) with 10% FBS was added and placed into a CO~2~ incubator for digestion (37°C, 5% CO~2~). After digesting for 6 h, the supernatant was removed by centrifugation at 1,000 × g at 37°C for 5 min, and then 4 ml culture medium (15% FBS; 1% penicillin/streptomycin) was transferred into a clean culture bottle and cultured in an incubator (37°C, 5% CO~2~). The following day, the impurities were gently washed away with PBS buffer and replaced with DMEM containing 10% FBS and 1% mixture of penicillin and streptomycin. The medium was changed once every 2--3 days.

### Hypoxia/reoxygenation (H/R) intervention, synovial tissue block and FLS experimental grouping

The patients were sub-divided into four groups: i) Control, with healthy synovium; ii) H/R intervention; iii) TNF-α (PeproTech, Inc.) intervention (20 ng/ml TNF-α incubated at 37°C for 24 h); and iv) H/R+TNF-α intervention, with healthy tissue mass incubated at 37°C with 20 ng/ml TNF-α for 24 h before H/R intervention. The normal culture conditions (5% CO~2~; 37°C) and hypoxic culture conditions (5% CO~2~; 1% O~2~; 37°C) were established by regulating several conventional cell incubators ([@b14-mmr-22-01-0265]). The synovial tissue mass and FLS culture vessel were placed in anoxic conditions for 2 h and conventional conditions for 2 h, and this process was repeated for three cycles. The present study synchronously changed the liquid in each experimental group after 24 h in order to minimize the experimental errors among the groups.

### Hematoxylin and eosin (H&E) staining

The cultured tissue block was embedded in paraffin and sliced at a thickness of 4 µm, and then rinsed with tap water at room temperature for 5 min. Tissues were differentiated with 1% hydrochloric acid and 75% alcohol for 3 sec, rinsed with water for 10 min at room temperature. Then, 0.5% alcohol-soluble eosin stain was added to stain for 30 sec at room temperature, and the sample was dehydrated with gradient ethanol (95 and 00%). After the xylene treatment became transparent for 1 min, the sample was sealed with neutral glue. The sample was observed under a light microscope at magnification, ×400.

### Immunofluorescence and immunohistochemistry

The cultured tissue blocks were embedded in paraffin and sectioned at the thickness of 4 µm. Samples were fixed with 4% paraformaldehyde for 15 min and washed in PBS at room temperature. Then, samples were permeabilized with 5% BSA (Calico LLC) and 0.1% Triton X-100 for 1 h at room temperature. Subsequently, samples were incubated the following primary antibodies: Rabbit vimentin (1 mg/ml; Abcam; cat. no. ab63379), CD90 (1:100; Abcam; cat. no. ab125215), IL-1β (1:150; Abcam; cat. no. 1743-1), p16 (1:200; Abcam; cat. no. 1712-1) and matrix metalloproteinase-13 (MMP-13; 1:200; Abcam; cat. no. ab9128) at 4°C overnight. Samples were then incubated with anti-rabbit FITC (1:200; Abcam; cat. no. ab27912) and anti-rabbit CY3 (1:200; Abcam; cat. no. ab6939) conjugated secondary antibody at room temperature for 2 h. After washing with PBS, the sections were sealed with fluorescent sealing tablets and observed under an Olympus fluorescent microscope at magnification, ×400 (Olympus Corporation) after counterstaining with DAPI (Nanjing KeyGen Biotech Co. Ltd.), which was used to counterstain the nuclei for 5 min at room temperature.

### ELISA

FLS were divided into the specified four groups. Cells and cell fragments were removed by centrifugation during the supernatant analysis, which was at 1,000 × g at room temperature for 15 min. ELISA kits (R&D Systems. Inc.) were used to assess the expression levels of IL-6 (R&D Systems, Inc.; cat. no. D6050) and IL-1β (R&D Systems, Inc.; cat no. DLB50) in cell culture supernatants according to the manufacturer\'s instructions.

### Western blot analysis

High mobility group box 1 (HMGB1), caspase-8 (Casp8), p16, p21, matrix metalloproteinase (MMP)-3 and MMP-13 protein expression levels in FLS were analyzed by western blotting. After digested by 0.25% trypsin (Servicebio, Inc.) and centrifugation at 1,000 × g at room temperature for 5 min, FLS were collected and washed twice with PBS. Cell precipitation was collected by centrifugation at 1,000 × g at room temperature for 5 min. Phosphatase inhibitor: Protease inhibitor: RIPA lysate (Beyotime Institute of Biotechnology) was mixed at a ratio of (1:1:50) and added to cells for 30 min on ice. Total protein was collected by centrifugation for 15 min at 4°C 12,000 × g. For denaturation, proteins were boiled for 15 min at 100°C. A bicinchoninic acid kit was used to detect protein concentration (Beyotime Institute of Biotechnology). The aliquots of protein (40 µg per lane) were separated by SDS-PAGE on a 12% gel and then transferred to PVDF membranes. The membranes were blocked with 5% non-fat milk in TBST (0.05% Tween-20) for 1 h at 37°C. After being blocked, membranes were incubated overnight at 4°C with antibodies: HMGB1 (1:1,000; cat. no. ab77302; Abcam), Casp8 (1:1,000; cat. no. ab25901; Abcam), p16 (1:1,000; cat. no. ab211542; Abcam), p21 (1:1,000; cat. no. ab109520; Abcam), MMP-3 (1:1,000; cat. no. ab52915; Abcam), MMP-13 (1:1,000; cat. no. ab39012; Abcam) and GAPDH (1:5,000; cat. no. GB12002; Servicebio, Inc.). After incubation, the PVDF membranes were washed thrice with TBST buffer and incubated with horseradish peroxidase-conjugated goat anti-rabbit (cat. no. GB23303; Servicebio, Inc.; 1:3,000) secondary antibodies at room temperature for 1 h. After washing three times with TBST at 37°C for 30 min, a chemiluminescence luminol reagent (cat. no. G2014, Servicebio, Inc.) was used to visualize the protein bands using the Image Lab 5.2 quantitative assay system (Bio-Rad Laboratories, Inc.). The relative protein levels were determined by normalizing to GAPDH.

### Reverse transcription-quantitative PCR (RT-qPCR)

TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract total RNA from FLS. The RevertAid First Strand cDNA Synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.) was used to reverse transcribe cDNA from the RNA. The cDNAs were produced with the kit and incubated at 37°C for 15 min and at 85°C for 5 sec. qPCR was carried out using Hieff qPCR SYBR Green Master Mix (No Rox; Shanghai Yeasen Biotechnology Co., Ltd.) and was performed on a StepOnePlus device (Applied Biosystems; Thermo Fisher Scientific, Inc.) with the following thermocycling conditions: Initial denaturation at 95°C for 10 sec, followed by 40 cycles at 95°C for 5 sec and at 60°C for 20 sec. The following primers were used: HMGB1 forward, 5′-ATGGGCAAAGGAGATCCTAA-3′ and reverse, 5′-TTAATCATCATCATCTTCTTCTTCA-3′; p16 Ink4a forward, 5′-GATCCAGGTGGGTAGAAGGTC-3′ and reverse, 5′-CCCCTGCAAACTTCGTCCT-3′; p21 forward, 5′-GCGATGGAACTTCGACTTTGT-3′ and reverse, 5′-GGGCTTCCTCTTGGAGAAGAT-3′; MMP-3 forward, 5′-GGGTGAGGACACCAGCATGA-3′ and reverse, 5′-CAGAGTGTCGGAGTCCAGCTTC-3′; MMP-13 forward, 5′-TTGAGGATACAGGCAAGACT-3′ and reverse, 5′-TGGAAGTATTACCCCAAATG-3′; IL-1β forward, 5′-AAACAGATGAAGTGCTCCTTCCAGG-3′ and reverse, 5′-TGGAGAACACCACTTGTTGCTCCA-3′; IL-6 forward, 5′-TGCTGGTGTGTGACGTTCCC-3′ and reverse, 5′-CCATCTTTGGAAGGTTCAGGTTG-3′; Casp8 forward, 5′-CGGGGTACCATGGACTTCAGCAGAAATC-3′ and reverse, 5′-TCAATCAGAAGGGAAGACAA-3′; JNK forward, 5′-ATGAGCAGAAGCAAGCGTGAC-3′ and reverse, 5′-CTGGGCTTTAAGTCCCGATG-3′; Bax forward, 5′-ACCAAGAAGCTGAGCGAGTGT-3′ and reverse, 5′-ACAAACATGGTCACGGTCTGC-3′; Bcl-2 forward, 5′-AGATGTCCAGCCAGCTGCAC-3′ and reverse, 5′-TGTTGACTTCACTTGTGGCC-3′; p53 forward, 5′-CAGCCAAGTCTGTGACTTGCACGTAC-3′ and reverse, 5′-CTATGTCGAAAAGTGTTTCTGTCATC-3′; and GAPDH forward, 5′-GAGTCAACGGATTTGGTCGT-3′ and reverse, 5′-TGAGGCCCAAGGCCACAGGTA-3′. GADPH was used as an internal reference. The 2^−ΔΔCq^ method was used to calculate the relative mRNA expression levels ([@b34-mmr-22-01-0265]).

### Senescence-associated β-galactosidase (SA-β-gal) staining

According to the manufacturer\'s instructions, FLS with the cell density of 1×10^6^ cells/well were washed twice and then fixed by adding 1.5 ml of 1X SA-β-gal fixative, followed by incubation for 10 min at 25°C. Then, the fixed cells were washed three times with PBS and stained using an SA-β-galactosidase staining kit (BioVision, Inc.; cat. no. K320-250). The fixed FLS were incubated overnight at 37°C. Then, cells were observed and image under a light microscope at magnification, ×200 (Olympus Corporation); SnCs were identified as blue-stained cells. Image-Pro Plus 6.0 (Media Cybernetics, Inc.) was used to analyze the number of positive cells in the sections.

### Microscopic assessment of mitochondrial membrane potential (ΔΨm)

ΔΨm was evaluated using an ΔΨm assay kit (Beijing Solarbio Science & Technology Co., Ltd.; cat. no. M8650) with JC-1. FLS were washed with PBS and stained with 1 ml JC-1 staining solution for 20 min at 37°C. After staining, the ratio of red and green light was observed under a fluorescence microscope at magnification, ×200 after adding medium with 10% FBS.

### Flow cytometric determination of ΔΨm

ΔΨm was determined using a JC-1 containing ΔΨm kit (Beijing Solarbio Science & Technology Co., Ltd.; cat. no. M8650). FLS were washed with PBS. After digestion using 0.25% trypsin (Servicebio, Inc.) and centrifugation at 1,000 × g at room temperature for 5 min, FLS were soaked at 37°C for 20 min with 800 µl of JC-1 working solution. After washing with PBS, FLS were resuspended in 1 ml JC-1buffer (1X) and measured by a flow cytometer FACSCalibur (Becton, Dickinson and Company). Then FlowJo 10 software was used for analysis (FlowJo LLC).

### Detection of the openness of the mitochondrial permeability transition pore (MPTP)

The openness of MPTP was tested using an MPTP staining kit (BestBio Co., Ltd.; cat. no. BB-48122). After digestion with0.25% trypsin (Servicebio, Inc.) and centrifugation at 1,000 × g at room temperature for 5 min, 3 ml probe working solution (BBcellP robe™ CA1 Probe Diluted with 500X in 1X mPTP Staining Buffer and 5 ml fluorescence quencher agent) was added to each sample and incubated at 37°C in the dark for 15 min. After this step and after washing with 3 ml MPTP Staining Buffer (1X), FLS were suspended with 400 ml of Hanks Balanced Salt solution at room temperature. The openness of MPTP was calculated by measuring the fluorescence intensity of the sample by flow cytometry FACSCalibur (Becton, Dickinson and Company). Then FlowJo v10 software was used for analysis (FlowJo LLC).

### Measurement of intracellular ROS

The amount of ROS produced in cells was measured by 2′,7′-dichlorodihydrofluorescein diacetate (DCHF-DA) according to the manufacturer\'s instructions. FLS cell culture medium was stained with 10 µm DCHF-DA (Invitrogen; Thermo Fisher Scientific, Inc.) for 2 h at 37°C. FLS samples were collected, washed twice with pre-chilled PBS and assayed by flow cytometry FACSCalibur (Becton Dickinson and Company). Then FlowJo v10 software was used for analysis (FlowJo LLC).

### Ultrastructural detection of SnCs

The ultrastructure of cells was observed by transmission electron microscopy (TEM). Sections were sliced into 80 nm pieces and fixed in 2.5% glutaraldehyde solution at 4°C for \>2 h. After being washed with PBS (pH 7.2), synoviocytes were fixed with 1% osmic acid at 4°C for 2 h and dehydrated with a series of ethanol concentrations (50, 70, 90 and 100%) for 10 min at 4°C. After being embedded in epoxy resin, stained with saturated uranium acetate for 30 min and lead citrate staining for 5--8 min, the synoviocytes were observed using a TEM (Hitachi, Ltd.) at magnification, ×100,000.

### Statistical analysis

Data are expressed as the mean ± standard deviation for each group. Intra-group differences were assessed using Student\'s t-test and one-way analysis of variance using SPSS 16.0 software (SPSS, Inc.), followed by Bonferroni post-hoc correction for multiple testing using GraphPad Prism software (version 7.04; GraphPad Software, Inc.) P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### H/R increases TNF-α-induced IL-1β, P16 and MMP-13 in synovial tissue

Pathological and senescent phenotypic differences were assessed between healthy individuals and patients with OA. It was determined that expression levels of pathological and senescent markers in the synovial tissue mass before and after H/R were different. The experiment was divided into two stages. Firstly, the difference in synovial tissue masses from healthy controls and patients with OA were examined with H&E staining ([Fig. 1A](#f1-mmr-22-01-0265){ref-type="fig"}), and IL-1β ([Fig. 1B](#f1-mmr-22-01-0265){ref-type="fig"}), p16 ([Fig. 1C](#f1-mmr-22-01-0265){ref-type="fig"}) and MMP-13 ([Fig. 1D](#f1-mmr-22-01-0265){ref-type="fig"}) staining. It was revealed that the pathological features of H&E staining in OA tissues were more evident, compared with the healthy tissues ([Fig. 1A](#f1-mmr-22-01-0265){ref-type="fig"}). Furthermore, in the healthy tissue group, no inflammation, edema or other pathological changes were observed. However, in the OA group, synovial edema was clear and there were higher levels of inflammatory cell infiltration ([Fig. 1A](#f1-mmr-22-01-0265){ref-type="fig"}). Moreover, IL-1β, p16 and MMP-13 expression levels were significantly upregulated in the OA group ([Fig. 1B-D](#f1-mmr-22-01-0265){ref-type="fig"}). In the second stage, the experiment was divided into four groups. The present results indicated that the expression levels of IL-1β ([Fig. 1E](#f1-mmr-22-01-0265){ref-type="fig"}), p16 ([Fig. 1F](#f1-mmr-22-01-0265){ref-type="fig"}) and MMP-13 ([Fig. 1G](#f1-mmr-22-01-0265){ref-type="fig"}) were significantly increased after H/R compared with the control group ([Fig. 1E-I](#f1-mmr-22-01-0265){ref-type="fig"}).

### Primary culture of FLS, identification of cellular immunofluorescence and detection of SA-β-gal

It was demonstrated that most FLS extracted from the synovial tissue were spindle-shaped. After 4 days of growth, FLS were sub-passaged to the third generation at a ratio of 1:2 ([Fig. 2A](#f2-mmr-22-01-0265){ref-type="fig"}). Moreover, positive immunocytochemical identification of CD90 and vimentin protein staining was performed for the identification of FLS ([Fig. 2B](#f2-mmr-22-01-0265){ref-type="fig"}). In addition, the expression level of SA-β-gal in FLS after H/R was studied ([Fig. 2C](#f2-mmr-22-01-0265){ref-type="fig"}), and the positive cells (blue) expressing SA-β-galactosidase were quantitatively assessed ([Fig. 2D](#f2-mmr-22-01-0265){ref-type="fig"}). It was determined that the expression level SA-β-gal in FLS increased with H/R intervention compared to the control group. Furthermore, in the H/R + TNF-α group, the expression level of SA-β-gal was further increased compared with the control group, H/R group and TNF-α group, which indicated a larger proportion of senescent cells.

### Relative expression levels of SASP proteins in FLS after H/R

The expression levels of the senescent phenotype proteins and inflammatory factors HMGB1, Casp8, p16, p21, MMP-3, MMP-13, IL-6 and IL-1β in FLS before and after H/R were studied. IL-1β ([Fig. 3A](#f3-mmr-22-01-0265){ref-type="fig"}) and IL-6 ([Fig. 3B](#f3-mmr-22-01-0265){ref-type="fig"}) levels in FLS were assessed using ELISA, and HMGB1, Casp8, p16, p21, MMP-3 and MMP-13 proteins were detected by western blotting ([Fig. 3C and D](#f3-mmr-22-01-0265){ref-type="fig"}). In addition, RT-qPCR was used to detect the mRNA expression levels of HMGB1, Casp8, p16, p21, MMP-3, MMP-13, IL-1β and IL-6 ([Fig. 3E](#f3-mmr-22-01-0265){ref-type="fig"}). The results indicated that the protein and mRNA expression levels of HMGB1, Casp8, p16, p21, MMP-3, MMP-13, IL-1β and IL-6 were significantly increased in the H/R environment compared with the control. Moreover, the expression levels of all these factors were further significantly increased after pre-incubation with TNF-α before 24 h of H/R compared with the control group, H/R group and TNF-α group.

### Mitochondrial dysfunction induced by H/R and its manifestations

H/R induces morphological changes and mitochondrial dysfunction in FLS ([@b14-mmr-22-01-0265]). Furthermore, overproduction of ROS is the initial sign of cellular inflammation ([@b35-mmr-22-01-0265]). The loss of ΔΨm and the opening of the MPTP often cause excessive accumulation of ROS, which significantly increases ROS levels in cells ([@b36-mmr-22-01-0265]). Therefore, a JC-1 MMP assay kit was used to detect changes in ΔΨm in FLS under H/R conditions, where the red/green ratio decreased as the level of ΔΨm decreased ([Fig. 4A](#f4-mmr-22-01-0265){ref-type="fig"}). The changes in ΔΨm were detected by flow cytometry ([Fig. 4B and D](#f4-mmr-22-01-0265){ref-type="fig"}). It was demonstrated that H/R decreased ΔΨm. Moreover, flow cytometric results indicated that the MPTP in mitochondria was opened under H/R conditions in FLS ([Fig. 4E](#f4-mmr-22-01-0265){ref-type="fig"}). Flow cytometry was also used to estimate intracellular ROS levels by detecting the relative increase of fluorescent units after DCFH-DA staining. It was determined that H/R significantly increased intracellular ROS levels ([Fig. 4C](#f4-mmr-22-01-0265){ref-type="fig"}). In addition, changes in mitochondrial ultrastructure were observed under TEM; FLS morphology of the control group was normal as the mitochondria were rod-shaped and the mitochondrial ridges were clearly visible. Compared with the control group, small and short rod-shaped mitochondria were observed in the H/R group. Moreover, mitochondria ridges were ruptured and mitochondria became swollen in the TNF-α and TNF-α + H/R groups ([Fig. 4F](#f4-mmr-22-01-0265){ref-type="fig"}).

### H/R-activates the JNK pathway to reduce Bcl-2 expression, and increase JNK, p53 and Bax expression levels to promote senescence

Western blotting was used to assess the protein expression levels of JNK, p53, Bcl-2 and Bax ([Fig. 5A and B](#f5-mmr-22-01-0265){ref-type="fig"}). In addition, the mRNA expression levels of JNK, p53, Bax and Bcl-2 were detected by RT-qPCR ([Fig. 5C](#f5-mmr-22-01-0265){ref-type="fig"}). It was demonstrated that, compared with the control group, H/R intervention decreased the expression level of Bcl-2, and enhanced the expression levels of JNK, p53 and Bax. Therefore, the present results indicated that H/R may be important in activating the JNK signaling pathway to promote senescence.

Discussion
==========

The pathological structures involved in the development of OA include both the cartilage and the entire joint ([@b2-mmr-22-01-0265]), among which the synovial membrane has an abundant blood supply that is oxygen-dependent ([@b37-mmr-22-01-0265],[@b38-mmr-22-01-0265]). Therefore, due to the characteristics of the synovial blood supply, inflammatory cytokines in the circulation can accumulate in the synovium more frequently and earlier than chondrocytes ([@b39-mmr-22-01-0265]).

Joint motion is an H/R process ([@b40-mmr-22-01-0265]). Excessive H/R damage can cause damage to synovial cells that are sensitive to changes in oxygen concentration ([@b15-mmr-22-01-0265]). Synovial cell stimulation induced by oxidative stress or excessive mechanical action primarily results in a SASP phenotype, via which the synovial membrane enters a 'stress-induced senescence state' that leads to the development of OA ([@b41-mmr-22-01-0265],[@b42-mmr-22-01-0265]). The present study established a repetitive H/R environment to simulate mild hypoxia. Moreover, to improve the simulated OA environment and the experimental integrity, samples were pretreated with TNF-α prior to H/R induction, in order to detect the changes of inflammatory cytokines and SASP in FLS in a fluctuating oxygen environment.

Increases in inflammatory factors in the blood of the aging population is a marker of chronic, low-grade systemic inflammation related to senescence, and plays an important role in the occurrence and development of chronic senescence diseases ([@b43-mmr-22-01-0265]). H/R can create a chronic anoxic environment in the joint organs ([@b13-mmr-22-01-0265],[@b16-mmr-22-01-0265]). Furthermore, anoxia increases ROS levels in FLS, which leads to mitochondrial damage and induces the production of inflammatory factors ([@b8-mmr-22-01-0265]). In addition, by inhibiting the synthesis of respiratory complexes III and IV in synovial cells, mitochondrial dysfunction is worsened and inflammation is escalated ([@b44-mmr-22-01-0265]). OA synovial cells are special; in the context of excessive ROS, these cells may exhibit additional senescent characteristics ([@b45-mmr-22-01-0265]). Moreover, SnCs secrete various factors to alter the SASP phenotype, which destroy the microenvironment of neighboring tissues, thus spreading the imbalance and dysfunction to the whole tissue, and ultimately triggering the onset of OA ([@b46-mmr-22-01-0265]). The present results indicated that the pathological characteristics of synovial tissue in OA were clear. It was revealed that the expression levels of IL-1β, p16 and MMP-13 in the OA group and H/R intervention group exhibited a similar trend, and these secretions were greatly increased compared with the control group. In addition, the expression levels of SASP-related proteins and inflammatory factors were higher in cells cultured under a H/R environment, and the proportion of SA-β-gal-positive FLS was also higher compared with the control. It was demonstrated that TNF-α pre-intervention before H/R cοuld further increase the expression levels of SASP-related proteins and the proportion of SA-β-gal-positive FLS in a H/R environment. Collectively, the present results suggested that H/R induced FLS dysfunction, promoted SASP phenotype changes and consequently promoted senescence, and thus may play an important role in the development of OA lesions.

Mitochondria are the main target of oxidative stress and damages to mitochondrion in FLS in a hypoxic environment may be caused by repeated H/R ([@b14-mmr-22-01-0265]). Furthermore, mitochondria are downstream of ROS stimulation ([@b47-mmr-22-01-0265]). Continuous mitochondrial damage can increase ROS levels, and ROS stimulation can cause mitochondrial DNA damage, inflammatory cytokine release and DNA mutations ([@b48-mmr-22-01-0265]). Moreover, certain inflammatory cytokines may cause permanent changes in the mitochondrial complex, thus these factors may lead to further dysfunction of mitochondrial activity ([@b49-mmr-22-01-0265]). The accumulation of ROS acts as an intracellular signal, which locally produces oxygen free radicals that participate in intracellular and extracellular oxidative damage response, stimulate synovial cells, trigger the inflammatory response and lead to cartilage destruction by altering the extracellular matrix of cartilage tissue ([@b16-mmr-22-01-0265]). ROS, ATP production, oxygen uptake and membrane potential, are important to maintain the mitochondrial redox balance ([@b50-mmr-22-01-0265]). Accumulation of senescent mitochondria are associated with decreased membrane potential and simultaneously increased ROS levels, which contribute to organelle dysfunction ([@b51-mmr-22-01-0265]). ROS can affect numerous cell signaling pathways, such as MAPK ([@b52-mmr-22-01-0265]). The JNK signaling pathway is an important member of the MAPK family, which are widely involved in cellular processes, including cell proliferation, metabolism and DNA damage repair ([@b53-mmr-22-01-0265]). JNK is located in the cytoplasm, and once the transcription factor is activated it will combine with the *cis*-acting element to increase gene expression, and it also has an important relationship with inflammation ([@b54-mmr-22-01-0265],[@b55-mmr-22-01-0265]). It has been previously reported that senescence in numerous tissues involves the JNK signaling pathway ([@b30-mmr-22-01-0265],[@b56-mmr-22-01-0265]). Moreover, JNK activity is an indicator of mitochondrial dysfunction in the liver of an elderly individual ([@b57-mmr-22-01-0265]). Similarly, due to its role in stress responses, JNK is important in the development of age-related muscular degeneration ([@b58-mmr-22-01-0265]). The present study revealed that H/R enhanced oxidative stress and increased ROS in FLS. Furthermore, as a result of JNK signaling pathway activation in FLS, it was demonstrated that the expression levels of p53 and Bax were promoted, and Bcl-2 was decreased. Therefore, this process may be an important contributor to the development of OA.

Previous studies investigating synovial-caused OA pathologies have several limitations ([@b59-mmr-22-01-0265]--[@b63-mmr-22-01-0265]): i) Cells are cultured only under normal oxygen partial pressure, thus physiological or pathological oxygen fluctuations are not considered; and ii) the effect on hypoxic tolerance of chondrocytes by fluctuating oxygen have been studied, while mitochondrial damage and respiratory dysfunction in oxygen dependent FLS have not been investigated in depth. Therefore, due to physiological and pathological H/R processes in joint organs, previous studies may have a certain level of bias ([@b15-mmr-22-01-0265]). Therefore, synovial pathology is likely to be initiated prior to primary articular cartilage damage. The present study established a cycling hypoxic environment to observe the expression and effects of inflammatory mediators between senescence and OA in FLS ([@b22-mmr-22-01-0265]). On the basis of previous studies on the pathophysiological mechanism of OA ([@b64-mmr-22-01-0265],[@b65-mmr-22-01-0265]), the importance of synovial injury induced by H/R injury in the pathogenesis of OA was emphasized in the present study. It was revealed that H/R could damage the mitochondria of synovial cells, and subsequently upregulate the response of joint tissue structure to inflammatory factors and oxidative stress, resulting in great number of SnCs. Mitochondrial dysfunction and increased ROS production in SnCs can induce DNA damage in adjacent proliferating cells ([@b33-mmr-22-01-0265]). In addition, SnCs secrete pro-inflammatory factors to alter SASP in synovial cells, destroy the tissue microenvironment, activate the JNK pathway, and promote cell senescence and apoptosis ([@b30-mmr-22-01-0265]). Therefore, even if only a small proportion of SnCs exist, these can lead to the imbalance and dysfunction of the entire organ. Furthermore, these interactions escalate cell destruction and inflammation, further damaging dysfunctional chondrocytes and creating an irreversible vicious cycle, which eventually leads to advanced OA lesions ([@b20-mmr-22-01-0265]).

In conclusion, the present results revealed that H/R can stimulate FLS to release inflammatory cytokines and increase the proportion of cells with senescent characters. Furthermore, the secretion of SASP-related and catabolic factors were elevated, together with dysfunction of mitochondria, by H/R intervention. This effect may be via the JNK signaling pathway, which will lead to synovium senescence. Therefore, the present results indicated that H/R may increase TNF-α-induced synovitis, and play an important role in inflammation-induction pathogenesis of OA. Thus, future studies should be performed to aid in the understanding of the role of H/R in the pathogenesis of OA.
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![H/R increases TNF-α-induced IL-1β, p16 and MMP-13 in synovial tissue. (A) Pathological phenotypic H&E staining of health patients and patients with OA. Magnification, ×400. (B) Immunohistochemistry of IL-1β and (C) p16. Magnification, ×400. (D) Immunofluorescence was used to detect the expression level of MMP-13. Magnification, ×400. Expression levels of (E) IL-1β, (F) p16 and (G) MMP-13 as senescent phenotype markers in the normal synovium group, H/R group, TNF-α group and H/R + TNF-α group. (H) Quantitative analysis of the expression levels of IL-1β, p16 and MMP-13 in healthy individuals and patients with OA. Magnification, ×400. (I) Quantification of the expression levels of IL-1β, p16 and MMP-13 in the normal synovium group, H/R group, TNF-α group and H/R + TNF-α group. Data are presented as the mean ± SD. n=3. \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. H/R group; ^&^P\<0.05 vs. TNF-α group. N=3. IL, interleukin; TNF-α, tumor necrosis factor α; MMP, matrix metalloproteinase; OA, osteoarthritis; H/R, Hypoxia/reoxygenation; H&E, hematoxylin and eosin.](MMR-22-01-0265-g00){#f1-mmr-22-01-0265}

![Primary culture of FLS, identification of cellular immunofluorescence and detection of SA-β-gal. (A) FLS extracted from synovial; a large number of the FLS were spindle-shaped. Magnification, ×40. The 3--5 generation FLS had a uniform arc arrangement, which were fusiform. Magnification, ×100. (B) Positive expression of CD90, which stains red, vimentin, which stains green, and the nucleus, which stains blue. Magnification, ×200. (C) Detection of senescence marker SA-β-gal blue staining and (D) quantitative analysis of positive cells. Magnification, ×100. Data are presented as the mean ± SD. n=3. \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. H/R group; ^&^P\<0.05 vs. TNF-α group. N=3. SA-β-gal, senescence-associated β-galactosidase; FLS, fibroblast-like synoviocytes; H/R, hypoxia/reoxygenation; TNF-α, tumor necrosis factor α.](MMR-22-01-0265-g01){#f2-mmr-22-01-0265}

![Effect of H/R on the expression levels of senescence-associated secretory phenotype-associated proteins in FLS. Protein expression levels of (A) IL-1β and (B) IL-6 protein levels in the cell supernatant were assessed and quantified. (C) Western blotting results indicated the expression levels of HMGB1, Casp8, p16, p21, MMP-3 and MMP-13. (D) Quantitative analysis of HMGB1, Casp8, p16, p21, MMP-3 and MMP-13 protein expression levels. (E) mRNA expression levels of HMGB1, Casp8, p16, p21, MMP-3, MMP-13, IL-6 and IL-1β were assessed by reverse transcription-quantitative PCR. Data are presented as the mean ± SD. \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. H/R group; ^&^P\<0.05 vs. TNF-α group. N=3. FLS, fibroblast-like synoviocytes; H/R, hypoxia/reoxygenation; TNF-α, tumor necrosis factor α; IL, interleukin; MMP, matrix metalloproteinase; HMGB1, high mobility group box 1; Casp8, caspase-8.](MMR-22-01-0265-g02){#f3-mmr-22-01-0265}

![Microscopic assessment of ΔΨm. (A) Changes in ΔΨm of intracellular mitochondria in FLS in the H/R environment were assessed by fluorescence microscopy. Magnification, ×200. (B) Flow cytometric analysis of ΔΨm. Red/Green × 100%. (C) Results of intracellular ROS analysis. (D) Analysis of ΔΨm. (E) Openness of the mitochondrial permeability transition pore was determined by the reduction of relative fluorescent units. (F) H/R affected the ultrastructure of FLS. Images revealed that mitochondria were swollen in the presence of cytokines and a H/R environment. Normal mitochondria were marked yellow and abnormal mitochondria were marked black. Magnification, ×100,000. Data are presented as the mean ± SD. \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. H/R group; ^&^P\<0.05 vs. TNF-α group. N=3. ΔΨm, mitochondrial membrane potential; FLS, fibroblast-like synoviocytes; H/R, hypoxia/reoxygenation; TNF-α, tumor necrosis factor α.](MMR-22-01-0265-g03){#f4-mmr-22-01-0265}

![H/R activates the JNK signaling pathway in FLS, promotes Bax and p53 expression level and decreases Bcl-2. (A) Protein expression levels of JNK, Bax, p53 and Bcl-2 in FLS. (B) Quantitative analysis of JNK, Bax, p53 and Bcl-2 protein expression levels. (C) mRNA expression levels of JNK, Bax, p53 and Bcl-2. Data are presented as the mean ± SD. \*P\<0.05 vs. Control group; ^\#^P\<0.05 vs. H/R group; ^&^P\<0.05 vs. TNF-α group. N=3. FLS, fibroblast-like synoviocytes; H/R, hypoxia/reoxygenation; TNF-α, tumor necrosis factor α.](MMR-22-01-0265-g04){#f5-mmr-22-01-0265}
